Axonemes are ancient organelles that mediate
Drosophila spermatogenesis, basal bodies and axonemes utilize the same ␣-tubulin but different important for axoneme morphogenesis [12, 14, 16] . One third of the amino acid differences between ␤1 and ␤2
␤-tubulins [6-13]. ␤1 is utilized for the centriole/ basal body, and ␤2 is utilized for the motile sperm lie within the carboxyl terminus. Moreover, in this study we found that, in the absence of the ␤-tubulin carboxyl tail axoneme. ␤2 contains the motile axonemespecific sequence motif, but ␤1 does not [3] . Here, terminus, coherent axonemes can not be initiated at the basal body at all (Figure 2c ). Therefore, in the first chiwe show that the "axoneme motif" specifies the central pair. ␤1 can provide partial function for mera tested (␤1-␤2i), the ␤1 carboxyl terminus was replaced in its entirety with that of ␤2. ␤1-␤2i supported axoneme assembly but cannot make the central microtubules [14] . Introducing the axoneme motif assembly of 9 ϩ 2 axonemes (Figure 2d ), demonstrating that the ␤2 carboxyl terminus carries information suffiinto the ␤1 carboxyl terminus, a two amino acid change, conferred upon ␤1 the ability to assemble cient for assembly of the central pair microtubules. This observation led us to test the specific role of the axoneme 9 ϩ 2 axonemes. This finding explains the conservation of the axoneme-specific sequence motif. Remarkably, introducing the axoneme motif into the ␤1 carboxyl terminus -a two amino acid changemotif through 1.5 billion years of evolution. allowed ␤1 to make 9 ϩ 2 axonemes (␤1-␤2ii; Fig axonemes, neither generated functional sperm. Axonemes
Correspondence: Elizabeth C. Raff assembled from these chimeras failed to maintain struc-E-mail: eraff@bio.indiana.edu tural integrity for the full length of the sperm tail (Table  1 ; Figure 3 ). There are thus two separable aspects of Table 1 Axoneme phenotypes when different ␤-tubulins provide the sole source of ␤-tubulin in the postmitotic male germline. 
a ␤2 sequence is in boldface, with the carboxyl-terminal axoneme motif b Doublet microtubule-associated structures: accessory microtubules, underlined (EGEF plus three additional acidic residues [3] ). ␤2⌬C is dynein arms, and spoke/linker complex. identical to ␤2, except for the carboxyl-terminal truncation [16] . The two c None of the heterologous ␤-tubulins generated the full 2000 sperm amino acid changes in ␤1-␤2ii that introduce the axoneme motif into tail. ␤2⌬C could not initiate intact axonemes (Figure 2c ). ␤1-mediated ␤1 are in boldface (DA to EG at 433-434). Chimeric ␤1-␤2 proteins axonemes maintained structural integrity for only a short distance from are identical to ␤1, except as indicated. ␤1 differs from ␤2 at a total of the basal body (average distance was 20 [14] ). In contrast, some 25 amino acid sites; from ␤1-␤2ii, 17; ␤1-␤2ii, 23; ␤1-␤2iii, 15; and axonemes assembled in ␤1-␤2 chimeras remained intact in sections ␤1-␤2iv, 14.
taken in middle and distal regions (see Figure 3a ).
␤1-␤2ii males, only 10 of 71 intact axonemes retained the tubulin crystallographic structure revealed that this residue contacts the ␣ subunit [17, 18] and cysteine occurs central pairs. Thus, features in the ␤2 carboxyl terminus other than the axoneme motif, as well as features of the at this position only in Drosophila ␤2, its identical D. hydeii homolog [8] , and in the moth Heliothis virescens testis-␤2 molecule other than the carboxyl terminus, are required for axoneme structural integrity.
specific ␤-tubulin [3] . Like ␤1-␤2i, chimeras carrying internal ␤2-specific residues were able to make each component of the normal 9 ϩ 2 axoneme architecture (Figure We made additional changes in ␤1-␤2i to test the function 2f) but could not maintain a complete sperm tail (Taof internal ␤2 residues in axoneme morphogenesis (␤1-ble 1). ␤2iii, ␤1-␤2iv). We tested the internal variable region (amino acids 55-57) because previous work showed it to All of the ␤1-␤2 chimeras were compatible with axoneme be important for morphology of axoneme doublet microtumotility and full male fertility when they were coexbules [12, 16] . We chose to test amino acid 349 because pressed with ␤2 and comprised 50% or less of the postmitotic ␤-tubulin pool. Coexpression of any of the chimeric ␤-tubulins at a ratio of 2:1 with endogenous ␤2, however, caused defects in axoneme morphogenesis and male sterility. Quantitation of axoneme phenotypes in 2:1 genotypes allowed us to distinguish subtle differences in the functional properties of the different chimeras (Table 2a) . ␤1-␤2i was most effective at maintaining axoneme structure, but the other chimeras exhibited differential capacity relative to ␤1 for retention of the central pair microtubules (␤1-␤2i Ͼ ␤1-␤2iv Ͼ ␤1-␤2iii Ͼ ␤1) and maintenance of the organization of the outer nine doublet microtubules (␤1-␤2i Ͼ ␤1 Ͼ ␤1-␤2iv Ͼ ␤1-␤2iii). Thus, despite increasing identity to ␤2, the internal changes
Tubulin expression in testes of wild-type and transgenic males. Total testis proteins were separated by two-dimensional gel introduced into ␤1-␤2i decreased functionality in axoelectrophoresis and immunostained to display ␣-and ␤-tubulins as neme assembly. In addition, like ␤1 [14] , the chimeric previously described [12] [13] [14] . In wild-type males, the ␤1 isoform is ␤-tubulins caused insertion of additional doublets into expressed during the premeiotic stages of spermatogenesis, and the the axoneme to generate 10-doublet axonemes, as well ␤2 isoform is expressed during postmitotic stages. Chimeric ␤-tubulins were synthesized at the same level, place, and time as endogenous as assembly of ectopic cytoplasmic doublet microtubules.
␤2-tubulin and were incorporated into stable tubulin heterodimers.
The ␤1-␤2 proteins are thus truly chimeric -they pos- features incompatible with ␤2 function, reflected in the capacity for de novo generation of doublet microtubules.
Brief Communication 531 in the dimer and in microtubules [17, 18] ; thus, sequence axoneme with 9 ϩ 2 morphology in a sterile male with two copies changes are unlikely to influence tubulin function by of ␤1-␤2i in place of ␤2. (e) Fully mature 9 ϩ 2 axoneme in a sterile changes in the 3D structure. The carboxyl terminus is a male with two copies of ␤1-␤2ii in place of ␤2. (f) ␤1-␤2iv (early site both for MAP binding (reviewed in [19] ) and for stage axoneme shown) and ␤1-␤2iii also support 9 ϩ 2 axonemes.
posttranslational modifications (reviewed in [20] ). For example, ␤-tubulin carboxyl terminus polyglycylation is necessary for motility in Tetrahymena [21] . The observaThe proportion of axoneme defects increased with distion that altering internal ␤1 residues to ␤2 identity can tance from the basal body (Table 2b) , indicating either decrease functionality argues that their normal function that axonemes became progressively defective as they requires amino acid interactions that obtain only in the grew or that distal structure failed to be maintained after ␤2 protein. Amino acid residues 55-57 as well as 349 assembly. We considered the possibility that ␤2-conare involved in interprotofilament contacts [17, 18] ; an taining dimers might be preferentially incorporated early alteration in these contacts could potentially affect the in axoneme morphogenesis. In this model, an increasing geometry of the entire axoneme. gradient of chimeric ␤1-␤2 dimers would be generated along the length of the axoneme, corresponding to the progressive loss of distal structure observed. As the most
The data presented here show that specific changes in ␤-tubulin residues produce discrete effects on axoneme stringent test of this hypothesis, we examined immunolocalization of ␤1 along the length of axonemes in males morphogenesis. A deeply conserved feature of ␤-tubulins used in motile axonemes, the axoneme motif, specifies with two copies of ␤1 and one of ␤2. ␤1 was uniformly distributed (Table 2c) . Thus, loss of distal axoneme integan equally ancient structural feature, the central pair microtubules. In contrast, sequences in variable regions and rity does not result from differential usage of tubulin heterodimers during assembly but more likely reflects other internal residues affect an evolutionarily labile feature, the length of the axoneme, and may have coevolved accumulation of slight differences in axoneme geometry over the long length of the Drosophila sperm tail.
in ␤2 to support the exceptionally long sperm tails within Axonemes were analyzed in males with two gene copies of the indicated 9 ϩ 2 (368/368, [13]). (b) Proportion of defective axonemes (total heterologous ␤-tubulin plus one copy of endogenous ␤2 (n ϭ total non-9 ϩ 2 morphologies) in cross sections taken near the basal body axonemes scored). (a) Proportion of axonemes with each type of mor-(proximal), in the middle of the sperm tail, and near the sperm tail end phology in middle to distal sperm tail sections (see Figure 3a) : 9 ϩ 2, (distal). (c) Distribution of ␤1 in proximal and distal axoneme sections normal axoneme morphology; 9 ϩ 0, intact axonemes but lacking central in males expressing two copies of ␤1 plus one copy of endogenous ␤2. pair microtubules; "Tens," axoneme configurations with 10 outer doublet ␤1 distribution was compared to total ␤-tubulin (␤1 plus ␤2), using a microtubules [14] ; "Open," axonemes with 9 doublet microtubules but ␤1-specific antibody and an antibody that recognizes all Drosophila in an opened configuration; "Fragments," broken axonemes. Phenotypic ␤-tubulins (Amersham 357) with gold ball-conjugated secondary antidifferences among heterologous ␤-tubulins are highly significant ( 2 test: bodies, as previously described [25] . The number of gold balls per 2 ϾϾ 100, p ϽϽ 0.001). In wild-type males, 100% of axonemes are axoneme and the standard deviation are shown. the giant 5.8 cm in D. bifurca [22] . 
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